Diabetes mellitus (DM) is a significant chronic disease, and health burden from DM is increasing. Recently, studies on the relationship between handgrip strength, which is a measuring tool for muscle strength, and type 2 DM were published. However, the results have been conflicting. In addition, few studies that used data from adults in Korea have been conducted. Thus, this study aimed to identify the association between handgrip strength as well as type 2 DM and insulin resistance in adults using data from the Korea National Health and Nutrition Examination Survey (KNHANES) 2014 to 2015. Inflammation is a condition affecting the muscle strength of individuals with type 2 DM; therefore, its mediating effects were also examined.
Introduction
Diabetes mellitus (DM) is a chronic disease with a prevalence rate that has increased from 4.7% in 1980 to 8.5% in 2014, and its prevalence is increasing most rapidly in middle-and low-income countries. [1] Numerous studies have shown that DM is an important cause of vision loss, [2] chronic kidney disease, [3] lower limb amputation, [4] and other long-term consequences that have a significant effect on the quality of life of an individual. [5] The significant increase in the prevalence indicates a substantial economic burden on health-care systems. [6] In the USA, DM has been associated with high health-care cost, with a significant increase over the past 2 decades. [7] Therefore, early screening and promotion of healthy aging among higher-risk populations are essential to reduce and prevent DM as well as decrease the DMassociated healthcare burden.
Handgrip strength is a simple and cost-effective tool utilized to measure muscular strength, and it has been useful for the diagnosis of sarcopenia in epidemiologic studies. [8] Some studies have reported that early mid-life handgrip strength is associated with functional limitation and disability 25 years later. Thus, handgrip strength has been considered a predictor of healthy aging. [9] Previous studies on the relationship between handgrip strength and DM have been controversial. Some studies have shown a significant inverse association between handgrip strength and DM. [10] [11] [12] [13] [14] [15] However, Leong et al [16] have found no significant association between handgrip strength and DM. Furthermore, a recent Mendelian randomization study has shown no association between handgrip strength and type 2 DM. [17] The prevalence rates of DM in the USA and Korea (9.1% vs 9.5%, respectively) were similar. However, there are fundamental differences in some of the risk factors in both countries, such as a higher obesity prevalence in the USA than in Korea (35% vs 6.3%, respectively). [18] van der Kooi et al [15] have shown that handgrip strength differed between ethnic groups (Dutch, South Asian Surinamese, African Surinamese, Ghanaian, Turkish, and Moroccan). The Dutch had the highest handgrip strength, whereas the South Asian Surinamese had the lowest handgrip strength. Ntuk et al [19] have also shown that the handgrip strength of South Asian men and women was approximately 5 to 6 kg lower than that of other ethnic groups. Therefore, the attributable risk for DM that is associated with low grip strength was substantially higher in the South Asian population than in the Western population. To date, few studies on the association between handgrip strength and type 2 DM in adults in Korea have been conducted.
Thus, this study aimed to investigate the association between handgrip strength and type 2 DM in adults in Korea using nationwide data. Furthermore, we assessed the mediation effect of inflammation in the relationships between handgrip strength and type 2 DM because some studies have suggested that inflammation-mediated muscular strength induced impaired fasting glucose.
Methods

Study population
Data were collected from the Korea National and Health Examination Survey (KNHANES) VI (2013 VI ( -2015 , which is a nationwide cross-sectional survey conducted annually to evaluate the health and nutrition status of the Korean populations. Data from KNHANES VI contain detailed information on the demographic characteristics, health behavior, and medical history of the participants.
We used data between 2014 and 2015 to measure handgrip strength. The following were excluded from the study: participants who were below 19 years (n = 3009), those with missing information on fasting glucose level, those who did not answer the questionnaire on type 2 DM diagnosis and medications (n = 2666), and those with missing data on rightor left-hand grip strength (n = 1047).
Finally, 8208 participants (2014: 3900 participants and 2015: 4308 participants) were included in the present study (Fig. 1). 
Ethics statement
The KNHANES VI was conducted by the Korea Center for Disease Control and Prevention (KCDC). All survey protocols were approved by the institutional review board of the KCDC (approval numbers: 2013-07CON-03-4C, 2013-12EXP-03-5C, and 2015-01-02-6C).
A written informed consent was obtained from all participants, and this study was conducted in accordance with the Declaration of Helsinki. Original data are publicly available for free in the KNHANES website (http://knhanes.cdc.go.kr) for purposes, such as academic research. The details of the KNHANES data could be found elsewhere. [20] 
Measurement of handgrip strength
The handgrip strength of each hand was measured 3 times using a digital grip strength dynamometer (TKK 5401; Takei Scientific Instruments Co, Ltd, Tokyo, Japan). Trained medical technicians instructed the participants who are in sitting position to hold the dynamometer with the distal interphalangeal finger joints of the hand at 90°to the handle and to squeeze the handle as firmly as they could. After the participants had slowly stood up, the handgrip strength was measured during expiration. Study participants conducted 3 attempts per hand, with 1-minute rest period between each attempt to reduce the effect of fatigue due to repetition. The measurements of handgrip strength were presented as an average of the 3 measurements with either hand. [8] Hand grip strength was normalized to body weight.
2.4. Measurement of glucose, HbA1c, insulin, and highsensitivity C-reactive protein (hs-CRP) levels
All blood samples were collected in fasting state and analyzed within 24 hours after sampling. Plasma glucose level was measured using hexokinase UV with a Hitachi 7600 Automatic Analyzer (Hitachi, Tokyo, Japan). HbA1c values were analyzed using Tosoh G8 high-performance liquid chromatography (Tosoh, Tokyo, Japan). Serum insulin level was analyzed using 1470 WIZARD gamma counter immunoradiometric assay (PerkinElmer, Turku, Finland). Insulin level was measured in 2015 only. Hs-CRP level was measured using Cobas immunoturbidimetry (Roche, Berlin, Germany) in 2015 only.
Homeostasis model assessment of insulin resistance (HOMA-IR)
HOMA-IR was calculated using the following formula: HOMA-IR = [fasting glucose (mg/dL) Â fasting insulin (mIU/L)]/40. [21] The cut-off value of HOMA-IR was 2.5. [22] Fasting insulin level was measured in 2015 only. Therefore, data on the HOMA-IR score was only available from KNHANES VI 2015.
Assessment of covariates
A health questionnaire was used to obtain information on age (years), sex (male and female), and educational status ( elementary school, middle school, high school, and ≥ university). Trained health technicians measured the body weight (kg) and height (cm) of all participants according to standardized procedures. Body mass index (BMI) was calculated as body weight in kg divided by height in m 2 . We categorized the participants according to weight based on the World Health Organization criteria [23] : normal weight (BMI < 25 kg/m ). Participants were divided into 2 groups: those who had never consumed alcohol in their lifetime and those who consumed alcohol. The participants were also divided into 2 groups in terms of lifetime smoking status: those who had smoked <5 packets of cigarettes and those who had smoked ≥5 packets of cigarettes. Participants who engaged in aerobic physical activity were defined as those who engage in physical activity for least 2 hours and 30 minutes per week, medium-or high-intensity physical activity for 1 hour and 15 minutes, or both medium-and high-intensity physical activity (1 minute of high-intensity workout = 2 minutes of medium-intensity workout). Further details of the measurements from KNHANES VI can be found in their website (http://www. knhanes.cdc.go.kr).
Statistical analysis
Differences in the demographic and anthropometric characteristics according to type 2 DM were compared using the Student t test or x 2 test, respectively. We assessed the association between handgrip strength and fasting glucose and HbA1c levels using generalized additive models (GAM).
To confirm the relationships between handgrip strength as well as fasting glucose, HbA1c, and insulin levels and HOMA-IR score, a multivariate linear regression analysis was performed after adjusting several variables. Models were initially run after adjusting for age and sex (Model 1) and then repeated after adding lifetime smoking and alcohol consumption, education, obesity, and aerobic physical activity as additional covariates (Model 2).
The study population was stratified into 2 groups depending on the presence of type 2 DM (fasting glucose ≥126 or use of DM medications or insulin injections or medical diagnosis of DM) or insulin resistance (HOMA-IR score ≥2.5). Multivariate binary logistic regression models were used to examine the associations between handgrip strength relative to body weight (per 1 kg/kg body weight difference) as well as type 2 DM and insulin resistance.
We used the medeff module in Stata [24] to assess whether hs-CRP level mediates the association between handgrip strength as well as fasting glucose and HbA1c levels. The medeff command estimates mediation effects, thus providing the percentage of the indirect effect accounted for by the factors that were assessed.
A P value <.05 was considered statistically significant. Continuous and categorical variables were expressed as mean ± standard deviation and n (%), respectively. Analyses were performed using STATA version 13 (Stata Corp, College Station, TX). GAM was performed using the R program version 3.3.3 (The Comprehensive R Archive Network: http://cran.r-project. org) for Windows.
Results
The mean age of the participants (n = 8208) was 45.12 (range: 19-80) years, and among them, 4541 (49%) were women. As shown in Table 1 , statistically significant differences were observed between the type 2 DM and non-type 2 DM groups in terms of age, sex, education, lifetime smoking and alcohol consumption, aerobic physical activity, and BMI. Handgrip strength and normalized handgrip strength were higher in the non-type 2 DM group than in the type 2 DM group.
There was an inverse linear relationship between handgrip strength as well as fasting glucose and HbA1c levels using GAM (Supplemental Figs. S1, http://links.lww.com/MD/C268 and S2, http://links.lww.com/MD/C268).
After adjusting for age, sex, education, physical activity, lifetime smoking and alcohol consumption, obesity, and aerobic physical activity, handgrip strength was inversely associated with Table 1 General characteristics of the study population (n = 8208). fasting glucose, HbA1c, and fasting insulin levels and HOMA-IR score (P < .001) ( Table 2 ). In the multivariate logistic regression analysis, handgrip strength was inversely associated with type 2 DM and insulin resistance (HOMA-IR score ≥2.5) (P < .001) ( Table 3) .
Non
The mediation effect rate of hs-CRP in the relationship between handgrip strength as well as fasting glucose and HbA1c levels ranged from 8% to 11% (P < .05).
In the sensitivity analysis, we conducted a multiple regression analysis that excluded sex. The association between handgrip strength as well as fasting glucose, HbA1c, and fasting insulin levels and HOMA-IR score was significant in both men and women (all P value < .05, except the association between the lefthand grip strength and fasting glucose in women) (Supplemental Table 1 , http://links.lww.com/MD/C268). The results did not change after excluding sex.
Discussion
In this nationwide survey on adults in Korea, muscular strength, measured via a handgrip test, was inversely associated with fasting glucose, HbA1c, and fasting insulin levels and HOMA-IR score. In addition, handgrip strength was inversely associated with type 2 DM and insulin resistance. Since handgrip strength is a noninvasive, low-cost measurement, it may be a useful marker for identifying individuals at risk of type 2 DM in clinical or public health practice settings. hs-CRP mediated the relationship between handgrip strength and DM.
Our findings are consistent with those of previous study. Ntuk et al [19] have shown that a lower grip strength was associated with a higher prevalence of DM in African, South Asian, and European ethnic groups aged between 40 and 69 years, which includes 418,656 adults in the UK Biobank study. Peterson et al [13] have shown that every 0.05 kg decrease in the normalized handgrip strength was independently associated with a 1.49 (95% CI: 1.42-1.56) and 1.17 (95% CI: 1.11-1.23) odds for DM in American (n = 4544) and Chinese adults (n = 6030), respectively. In older Mexican Americans (>65 years, n = 1903), muscle weakness was associated with DM (hazard ratio: 1.05; 95% CI: 1.02-1.09). [12] van der Kooi et al [15] have shown that handgrip strength had an inverse association with type 2 DM (OR: 0.95; 95% CI: 0.92-0.97) in 12,594 individuals (Dutch, 2086; South Asian Surinamese, 2216; African Surinamese, 2084; Ghanaian, 1786; Turkish, 2223; and Moroccan, 2199). Li et al [10] have shown that a low handgrip strength was a risk factor for type 2 DM in men (n = 1632) in Australia. Loprinzi and Loenneke [11] have shown that handgrip strength was associated with the type 2 DM in adults (men: OR 0.86 and 95% CI: 0.79-0.94 in men; OR: 0.82 and 95% CI: 0.69-0.97 in women) in the USA. Hamasaki et al [25] have reported that handgrip strength was inversely associated with plasma glucose and serum C-peptide levels after adjusting for age, sex, and BMI. However, it could be used as a prognostic indicator of type 2 DM in 1282 patients in Japan. In 959 adolescents in the USA, handgrip strength was inversely associated with fasting insulin level, HOMA-IR score, and 2-hour glucose level. [26] However, Leong et al [16] have recently reported that the inverse association before adjustment, which was not recorded after adjustment, suggested that confounders might account for the association between handgrip strength and DM in 139,691 participants in 17 countries in previous studies. Table 2 Association between handgrip strength and fasting glucose, HbA1c, and fasting insulin using multivariate linear regression analysis. Table 3 Association between handgrip strength and risk of diabetes and insulin resistance using multivariate binary logistic regression. The underlying mechanisms for the observed associations between the handgrip strength of individuals with type 2 DM and insulin resistance are not yet fully elucidated. The loss of muscle mass and strength leads to a decreased surface area for glucose transport and to the exacerbation of insulin resistance. [27] Inflammation, which is an important factor of insulin resistance, is related to low muscular strength. [28] A higher level of tumor necrosis factor-alpha (TNF-a) was associated with the decline in muscle strength [29] and elevated levels of inflammatory markers, particularly CRP and interleukin-6 (IL-6), which can predict the development of type 2 DM. [30] Some studies have shown that reduced muscle strength was a risk factor for type 2 DM. However, this association was not mediated by inflammatory markers, such as IL-6 and TNF-a, in 1632 participants in Australia. [10] Their study was limited to men aged ≥35 years. Thus, it could not be generalized to women. [10] In contrast to previous studies, we found an evidence that hs-CRP mediates the association between muscle strength and type 2 DM, and the indirect effect of hs-CRP accounted for approximately 10% of the total effect. Other mechanisms were associated with low muscle strength, such as fat accumulation in the skeletal muscle combined with low mitochondrial oxidative capacity, resulting in insulin resistance. [31, 32] The precise mechanisms for the observed associations must be examined in future studies.
The present study has key strengths. First, this study evaluated the effect of muscle strength on type 2 DM and insulin resistance using a well-defined nationally representative sample of adults in Korea. Second, to the best of our knowledge, this is the first study that conducted a mediation analysis on inflammation to identify the mechanism of the effect of muscle strength on DM. Our findings have important implications. Adults with low muscle strength may have already been susceptible to type 2 DM owing to increased insulin resistance. Exercise training that consists of aerobic exercise, resistance training, or a combination of both or intensive exercise intervention strategies are effective in reducing HbA1c level in patients with type 2 DM. [33, 34] A recent report has suggested that the benefit of physical activity on mortality differed according to the level of cardiorespiratory or grip strength. [35] This study had several limitations. First, it is not possible to make causal inferences because this is a cross-sectional study. Second, handgrip strength reflected only a part of the overall muscular strength. Cardiorespiratory fitness measurements that affect insulin resistance were not performed. Third, KNHANES data on physical activity comprised a self-reported scale. Fourth, this study only included adults in Korea. Therefore, these results may not be generalizable to populations of different ethnicities. Fifth, HOMA-IR is an indirect measurement of insulin resistance, and the use of the gold-standard hyperinsulinemic-euglycemic clamp test could have yielded different results. Finally, the confounders, such as smoking and alcohol consumption, were measured subjectively (self-report) rather than objectively. Our cutoffs could lead to misclassification bias because they do not distinguish between moderate and heavy or current and past consumption for drinking or smoking.
Conclusion
Hand muscle strength is associated with type 2 DM and insulin resistance. Inflammation mediated the relationship between muscle strength and type 2 DM. Further studies must be conducted to determine whether interventions that improve muscle strength are effective in preventing insulin resistance and type 2 DM.
